The diversity of modern herbivorous insects and their pressure on plant hosts generally increase with decreasing latitude. These observations imply that the diversity and intensity of herbivory should increase with rising temperatures at constant latitude. Insect damage on fossil leaves found in southwestern Wyoming, from the late Paleocene-early Eocene global warming interval, demonstrates this prediction. Early Eocene plants had more types of insect damage per host species and higher attack frequencies than late Paleocene plants. Herbivory was most elevated on the most abundant group, the birch family (Betulaceae). Change in the composition of the herbivore fauna during the Paleocene-Eocene interval is also indicated.
Terrestrial plants and insects today make up most of Earth's biodiversity (1) , and almost half of insect species are herbivores (2) . Consequently, understanding how plant-insect associations respond to warming events is a vital component of global change studies (3) . The fossil record offers a unique opportunity to examine plant-insect response to climate change over long time intervals through analysis of insect damage on fossil plants (4, 5) .
In modern insect faunas, decreasing latitude is associated with increased diversity of insect herbivores per host plant and greater herbivore pressure; the latter is expressed as higher attack frequency (6, 7) . For this study, we used insect damage on fossil plants to test for these trends at constant latitude, in the context of the global warming interval that began in the late Paleocene and reached maximum Cenozoic temperatures by the middle early Eocene, about 53 million years ago (8) . We also examined whether the diversity of herbivory and increase in attack rates was highest on the most abundant hosts and addressed whether a compositional change in the Paleocene-Eocene herbivore fauna occurred.
The Great Divide, Green River, and Washakie basins of southwestern Wyoming, U.S.A. (Fig. 1) , bear diverse and abundant floral assemblages containing well-preserved insect damage ( Fig. 2 and Table 1 ) (9) . We compared two floral samples from this region, from the latest Paleocene and middle early Eocene (10) . Both samples were originally deposited in fine-grained sediments on humid, swampy floodplains (9) , which allowed us to use an isotaphonomic (11) approach that helps to factor out biases such as depositional regime, paleotopography, and past moisture levels. Previous analysis of these samples (9, 12) showed that, from the latest Paleocene to the middle early Eocene, (i) mean annual temperatures rose from an estimated 14.4°Ϯ 2.5°C to 21.3°Ϯ 2.2°C, (ii) plant species turnover exceeded 80%, (iii) all dominant plant species were replaced, and (iv) plant diversity increased significantly.
We identified 41 types of insect damage (Table 1 (9, 10, 13) . A database was constructed in which the presence or absence of each damage type was scored for each species in each sample (Table 1) . We also quantitatively took field censuses of the four plant localities with highest diversity and best preservation (two Paleocene and two Eocene) for insect damage on dicot leaves (14) .
Census data were analyzed for all leaves and separately for Betulaceae and all nonbetulaceous taxa. A single species of Betulaceae was a dominant component of the vegetation in both the Paleocene (Corylites sp.) and Fig. 1 . Sampling areas. The most northeastern circle for each set includes the localities for insect damage censusing (Figs. 3 and 4) . Gray areas are uplifts. RSU, Rock Springs Uplift. Redrawn after (9) . the Eocene (Alnus sp.) (15). These two species fit the traditional model of "apparent" plants in that they were abundant, conspicuous hosts that formed significant ecological islands (16 ). Like all modern Betulaceae, whose leaves are heavily consumed by insects (17, 18) , Corylites and Alnus (alder) were thin-leaved and deciduous, adding to their presumed palatability (7, 19) . We hypothesized that these taxa were frequently consumed by a high diversity of herbivores.
The census data show that, overall, damage frequency is significantly higher in the Eocene sample, indicating elevated levels of herbivory ( Fig. 3) (20) . Betulaceous leaves were attacked significantly more often than nonbetulaceous leaves within both sampling levels, and their damage frequency (Fig. 3) , multiple damage frequency (Fig. 3) , and damage diversity (Figs. 4 and 5) increased markedly from the Paleocene to the Eocene (21). Alnus palatability was probably enhanced by elevated leaf nitrogen content resulting from an actinorhizal association with nitrogen-fixing symbionts, as in all modern Alnus (18, 22) .
Bootstrap curves derived from the census data (Fig. 4) show increased minimum and maximum damage diversity at a local scale during the Eocene. All of the Paleocene taxa except one (aff. Ocotea) have nearly identical bootstrap curves. Four Eocene species have bootstrapped values higher than all of the Paleocene taxa (Alnus, Cinnamomophyllum, "Dombeya", and Populus). Three other Eocene species have bootstrap values that are lower than the Paleocene mode represented by Corylites (Allophylus, Apocynaceae sp., and aff. Sloanea) but still higher than the Paleocene minimum (aff. Ocotea).
The diversity of insect damage per host species increases with the percentage of localities where a given host occurred because increased sampling raises the probability of discovering damage types (Fig. 5) . However, when comparison is made at equal frequency of occurrence, greater herbivore diversity per host plant is again found in the Eocene than in the Paleocene. The Eocene slope in Fig. 5 is higher, even though 37% fewer localities are in the Eocene sample and less geologic time is represented (10) . Also, the five largest positive residuals are all Eocene species. Finally, the single abundant monocot (Eocene Zingiberopsis) has a large effect. If dicots alone are considered, the Eocene slope increases another 15% (23).
A change in the composition of the herbivore fauna is indicated (Table 1) . In all, 17% of damage types only occur in the Paleocene sample, whereas 20% of damage types are only found in the Eocene sample. Each of the generalized damage types (scores of 1 in Table 1 ) may have been caused by several groups of distantly related insects. If only the 27 specialized damage types are counted (scores of 2 or 3 in Table 1 ), Paleocene-only types are 22% and Eocene-only types 30% (24).
This study demonstrates that the effects of global warming on plant-insect interactions are detectable in the fossil record. Climate change also provides a largely unexplored context for related areas of inquiry, such as the histories of plant-pollinator relations and insect diversification. (9), a lumped Clarkforkian assemblage. The Eocene sample, from the Cenozoic thermal maximum, is the middle Wasatchian Sourdough flora, Great Divide Basin, sample 5 of (9) . The Paleocene sample is time-averaged over ϳ0.5 million years, during which some temperature increase occurred (9, 12, 25) , whereas the more diverse Eocene sample is not significantly time-averaged and is derived from fewer localities. A total leaf count was not made because not all identifiable specimens were collected from every locality. An unbiased measure is that 7511 leaves have been identified from the 15 localities that were censused on the outcrop (9); the total number of leaves examined from all 80 localities was far greater. Although floras from intervening stratigraphic intervals are known (9) , the two samples used here are among the best preserved and are derived from many more localities. Deciduous taxa were more abundant than evergreens in both samples, although evergreens were more diverse in the Eocene sample (9) . "Species" is used here to indicate both described species and undescribed forms considered as operational species in (9) . Voucher collections, from the 1994 to 1996 and 1998 field seasons, are housed at the U.S. National Museum of Natural History (USNM), with supplementary material at the Denver Museum of Natural History and the Florida Museum of Natural History (9 (1996) ]. The Alnus sp., undescribed, is known from leaves, female cones, and staminate inflorescences in early Eocene deposits of southern and northern Wyoming (9, 25) . These taxa occurred at the largest number of localities ( Fig. 5 ) and also were most frequently the dominant species at individual localities (9 (5), as we find here. Although insect damage may well have increased through time, it is likely that several factors would make damage appear less prevalent in fossil assemblages, including taphonomic bias against damaged leaves, the rarity of complete fossil leaves, the inability to observe completely consumed leaves, and the low probability of preservation for minute damage types, such as piercing and sucking. We consider good preservation of leaves (highest order venation visible on the majority of specimens, more than half of the original leaf usually present) and a finegrained matrix, as in this study, to be prerequisites for censusing of insect damage. Insect damage by its nature reduces the preservability of leaves by Fig. 4 . Bootstrapped damage diversity, derived from the census data, for species with Ͼ15 specimens in total census counts. For each positive integer n along the horizontal axis up to the total number of specimens for a species (N), 5000 subsamples of n specimens were taken at random and the mean number of damage types calculated (vertical axis). The line graphs connect the N mean values for each species. Shown only to n Յ 100 for greater detail. Maximum ϭ 1.8 (for Alnus, n ϭ 80). Family or generic names only are shown; see (9) for complete nomenclature. "aff." ϭ morphological affinity to indicated genus, a qualified identification. (Fig. 5) . 24. Although the most specialized damage types are rare, sampling was intensive (10, 14) , which supports our view that the inferred turnover of herbivores is not a sampling artifact. Analysis of the 140-year historical record suggests that the inverse relationship between the El Niño-Southern Oscillation (ENSO) and the Indian summer monsoon (weak monsoon arising from warm ENSO event) has broken down in recent decades. Two possible reasons emerge from the analyses. A southeastward shift in the Walker circulation anomalies associated with ENSO events may lead to a reduced subsidence over the Indian region, thus favoring normal monsoon conditions. Additionally, increased surface temperatures over Eurasia in winter and spring, which are a part of the midlatitude continental warming trend, may favor the enhanced land-ocean thermal gradient conducive to a strong monsoon. These observations raise the possibility that the Eurasian warming in recent decades helps to sustain the monsoon rainfall at a normal level despite strong ENSO events.
Most parts of India receive a major proportion of their annual rainfall during the summer (June to September) monsoon season. Extreme departures from normal seasonal rainfall, such as large-scale droughts and floods, seriously affect agricultural output and regional economies. By the early 1900s, investigators had identified the two largescale forcings still thought to be most important for predicting monsoon anomalies: Himalayan/Eurasian snow extent (1) and the ENSO cycle (2) . The former is generally believed to provide an indication of the premonsoon thermal condition over the Asian land mass. Warmer conditions are thought to aid the buildup of a strong land-sea thermal gradient during the summer (3, 4) . ENSO, the largest known climatic forcing of interannual monsoon variability, acts through the eastwest displacement of large-scale heat sources in the tropics (5) . Numerous studies (6) have shown a significant simultaneous association between the monsoon rainfall over India and ENSO indices. However, secular variations in the relationships between monsoon rainfall and its predictors have also been noted (7). These variations have been found to be linked to changes in ENSO characteristics such as amplitude and period (8) . Almost all the statistical seasonal prediction schemes of monsoon rainfall rely heavily on the change in magnitude in various ENSO indices (8, 9) from winter [December to February (DJF)] to spring [March to May (MAM)]. Numerical general circulation models (GCMs) are also used for seasonal rainfall prediction. The monsoon simulated in these GCMs is more sensitive to the sea surface temperatures (SSTs) specified in the Pacific (10) than to other external boundary forcings. Hence, the success of seasonal forecasts of monsoon rainfall depends on the stationarity of the monsoon-ENSO relationship.
We used data on Indian monsoon rainfall, SST, velocity potential fields, and global surface temperatures (11) to examine the simultaneous relationship between the monsoon and ENSO during the last 142 years, and to explore possible roles for other climatic forcings.
Low-frequency variations in the monsoon rainfall and a widely used measure of ENSO, the NINO3 index (11) , show a clear resemblance until the late 1970s (Fig. 1A) , but diverge thereafter. This change reflects the recent modest increase in the monsoon rainfall despite an increase in the magnitude and frequency of ENSO warm events. Sliding correlations on a 21-year moving window between monsoon rainfall and the NINO3 index are strong during the entire data period with the exception of the recent two to three decades (Fig. 1B) , not withstanding the considerable impact of the 1982 and 1987-88 ENSO events on the monsoon. The drop in correlations in the recent decades is found to be significant on the basis of bootstrap confidence limits (12). The loss of monsoon-ENSO correlation is not particular to NINO3, but appears with any ENSO index. Correlation patterns of monsoon rainfall with SSTs in the Pacific show a coherent region of strong correlations in the central and eastern equatorial Pacific before 1980 and no region with statistically significant correlations thereafter.
The conventional description of the ENSO-induced teleconnection response in the monsoon is through the large-scale eastwest shifts in the tropical Walker circulation. During an El Niño event, the tropical convection and the associated rising limb of the Walker circulation normally located in the western Pacific shift toward the anomalously shown that many plant-herbivore associations are very ancient, whereas others are labile; that innovations in plant defenses have led to diversity within a plant lineage; and that the herbivorous habit has promoted speciation (6). Despite the obvious value of these findings, phylogenetic analysis is limited to inferences rather than observations of past events.
A second, direct approach for determining ancient associations between plants and herbivores is to look at the fossils themselves (7). Scrutiny of fossils not only allows the identification of plants, but also makes it possible to relate a type of leaf damage to an attack by a particular herbivore. This is most reliable for insects that mine leaves or make galls at sites of attack, but valuable information about leaf-chewers can also be gathered.
The images obtained by Wilf and Labandeira demonstrate the extraordinary detail that can be seen in their well-preserved specimens. Until now, analysis of fossil evidence of herbivory has primarily focused on descriptions of the species involved and host-plant associations. But Wilf and Labandeira push the fossil evidence farther than ever before by quantitatively testing ecological hypotheses. Instead of just asking who ate whom, they also quantified the amount of damage and the diversity and specialization of herbivores. Using these data, they were able to test the effect of climate on plant-herbivore interactions. To date, ecologists have examined climate effects by comparing ecosystems in different latitudes that are warmer or cooler. In contrast, Wilf and Labandeira examined ancient plant-herbivore interactions in a single research area (southwestern Wyoming), before and after a large thermal event, greatly extending the robustness of modern-day latitudinal observations. What do these observations reveal about the effects of latitude? One of the best established truths in ecology is that most groups of organisms are more diverse in tropical than in temperate ecosystems (8) . Given the greater species diversity in the tropics, one might suppose that there are also more opportunities for biotic interactions. Indeed, a compilation of many independent studies supports the supposition that there are greater opportunities for plants and herbivores to interact in the tropics (9 and the early Eocene (-53 million years ago). During this 3-million-year interval, temperatures in their study area warmed by about 7?C, changing the climate from humid temperate to humid subtropical. Consistent with the latitudinal data, they found that plant diversity increased, the amount of herbivore damage to leaves increased, and the diversity of herbivores per plant species increased. In addition, more abundant species suffered higher damage rates, again consistent with data from modern communities (J0).
It is perhaps tempting to extrapolate from these patterns to predict changes in plant-animal interactions caused by the current global warming trend. Such extrapolations may be misguided, however, because the rates of climate change today are several orders of magnitude faster than before. This rapidity may not permit significant evolutionary change or plant dispersal, and is more likely to disrupt existing plant-herbivore associations (11) .
Although Wilf and Labandeira's study may not be able to directly predict future changes in plantherbivore interactions, it goes a long way toward explaining present and past communities. These data are exciting because they suggest that the greater capacity for plant-herbivore interactions in tropical as compared to temperate climates may have been the case throughout the last 100 million years in which angiosperms (flowering plants) have been diverse. Thus, climate may lead to different evolutionary histories, with herbivores and plants exerting stronger selective pressure on each other in Earth's warmer zones. Climate may also influence the dynamics of herbivore and plant populations, with herbivores being more abundant, more diverse, and more damaging in tropical climates. Their work also suggests that fossil evidence can be used productively to test ecological theories, and this should encourage more dialogue between neo-and paleoecologists.
